Cytosolic sulfotransferase (SULT)-mediated sulfation plays an essential role in the detoxification of bile acids and is necessary to avoid pathological conditions, such as cholestasis, liver damage, and colon cancer. In this study, using transgenic mice bearing conditional expression of the activated constitutive androstane receptor (CAR), we demonstrate that activation of CAR is both necessary and sufficient to confer resistance to the hepatotoxicity of lithocholic acid (LCA). Surprisingly, the CARmediated protection is not attributable to the expected and previously characterized CYP3A pathway; rather, it is associated with a robust induction of SULT gene expression and increased LCA sulfation. We have also provided direct evidence that CAR regulates SULT expression by binding to the CAR response elements found within the SULT gene promoters. Interestingly, activation of CAR was also associated with an increased expression of the 3Ј-phosphoadenosine 5Ј-phosphosulfate synthetase 2 (PAPSS2), an enzyme responsible for generating the sulfate donor 3Ј-phosphoadenosine-5Ј-phosphosulfate. Analysis of gene knockout mice revealed that CAR is also indispensable for ligand-dependent activation of SULT and PAPSS2 in vivo. Therefore, we establish an essential and unique role of CAR in controlling the mammalian sulfation system and its implication in the detoxification of bile acids.
Bile acids are end products of cholesterol catabolism that function as both a detergent to solubilize circulating cholesterol remnants and lipophilic vitamins and as a signaling molecule to regulate its own homeostasis. When bound to and activated by bile acids, the farnesoid X receptor (FXR) represses transcription of cholesterol 7␣-hydroxylase (CYP7A), the rate-limiting enzyme of bile acid synthesis, thereby repressing the conversion of cholesterol to bile acids (Makishima et al., 1999; Parks et al., 1999; Wang et al., 1999) . Two other hepatic factors, the small heterodimer partner and liver receptor homolog-1 were subsequently found to be involved in the FXR-mediated CYP7A repression (Goodwin et al., 2000; Lu et al., 2000) . In addition to their beneficial function, excessive bile acids are potentially toxic when accumulated. For example, the secondary bile acid LCA is a potent cholestatic agent and can cause histological liver damage and other pathological changes unless it is efficiently eliminated (Leuschner et al., 1977) . Several lines of evidence have also suggested that toxic bile acids can function as tumor promoters to promote colon cancers (Narisawa et al., 1974) .
The efficient detoxification and clearance of bile acids requires the phase I CYP3A enzymes and the phase II cytosolic sulfotransferases (SULTs). The CYP3A enzymes catalyze the hydroxylation of LCA, which promotes LCA elimination (Staudinger et al., 2001; Xie et al., 2001) . Recently, the activation of the pregnane X receptor (PXR) and vitamin D receptor (VDR) and subsequent induction of CYP3A enzyme has been proposed to be a means to eliminate toxic bile acids (Staudinger et al., 2001; Xie et al., 2001; Makishima et al., 2002) . The phase II SULTs are also important for bile acid detoxification. SULTs catalyze the transfer of a sulfonyl group from the cosubstrate 3Ј-phosphoadenosine-5Ј-phosphosulfate (PAPS) to the acceptor substrates to form sulfate or sulfamate conjugates. LCA is a preferred substrate for SULT2A9/hydroxysteroid sulfotransferase (Chen and Segel, 1985; Radominska et al., 1990; Song et al., 2001) . The sulfated LCA shows less cytotoxicity than LCA when exposed to cells or animals (Leuschner et al., 1977) . Although SULTs play a key role in a number of critical biological pathways, little is known about the regulatory pathways that control SULT gene expression.
The orphan nuclear constitutive androstane receptor (CAR) was first shown to function as a xenobiotic receptor by activating the CYP2B genes. Subsequently, this activation was found to be potentiated by phenobarbital (PB) and TCPOBOP (Honkakoski et al., 1998; Tzameli et al., 2000; Xie et al., 2000a) , and the latter was identified as a CAR agonistic ligand. Response to both inducers was completely lost in CAR knockout mice (Wei et al., 2000) . CAR was later shown to cross-regulate CYP3A genes in cell cultures by sharing the previously identified PXR response elements (Xie et al., 2000b; Goodwin et al., 2001; Wei et al., 2002) . CAR was more recently implicated in transactivating genes that encode the phase II UDP-glucuronosyltransferase 1A1 (Sugatani et al., 2001; Huang et al., 2003; Xie et al., 2003) and the drug transporter multidrug resistance-associated protein 2 (MRP2) (Kast et al., 2002) . Although CAR has been well characterized as a cytochrome P450 gene regulator, no direct evidence that relates the function of this xenobiotic receptor to the transcriptional activation of SULT is available. PB and TCPOBOP have been shown to induce members of the SULT family, although the molecular basis remains to be defined (Runge-Morris et al., 1999; Garcia-Allan et al., 2000; Maglich et al., 2002) . Both PB and TCPOBOP are efficacious CAR activators, suggesting this as a plausible signaling pathway for SULT transcription. The SULT induction by TCPOBOP is apparently CAR-dependent (Maglich et al., 2002) , but a DNA microarray analysis with PB-treated mice failed to identify SULT as a target (Ueda et al., 2002) .
In this report, we show that activation of CAR in transgenic mice confers resistance to the hepatotoxicity of LCA. The protection is not caused by CYP3A; instead, it is associated with the induction of both SULTs and PAPS synthetase 2 (PAPSS2), an enzyme responsible for generating the cosubstrate PAPS. Moreover, CAR is indispensable for SULT and PAPSS2 induction by PB and TCPOBOP. We propose that activation of CAR facilitates bile acid detoxification via a combined induction of the sulfation system.
Materials and Methods
Animals, Drug Treatment, and Histology Evaluation. The creation of PXR and CAR null mice has been described before (Wei et al., 2000; Xie et al., 2000b) . The PXR/CAR double-knockout mice were created by cross-breeding. When necessary, mice were subjected to a single intraperitoneal injection of PB (40 mg/kg) or TCPOBOP (3 mg/kg) 24 h before sacrifice. To generate the tetracycline responsive element (TetRE)VP-CAR transgene, VP-CAR cDNA was excised from pCMX-VP-mCAR (Xie et al., 2000a) , and cloned into the TetRE transgene cassette (Xie et al., 1999) . The Lap-tTA mice were obtained from The Jackson Laboratory (Bar Harbor, ME). When necessary, doxycycline (Dox; Sigma, St. Louis, MO) was diluted in 5% sucrose in water to a final concentration of 2 mg/ml and supplied as drinking water. The Dox-laced water was changed every 2 to 3 days. For LCA treatment, mice were given daily treatments of LCA (8 mg/day) or vehicle via gavage and were sacrificed 24 h after the last treatment (Xie et al., 2001) . For histology evaluation, tissues were fixed in 4% formaldehyde, embedded in paraffin, sectioned at 5 m, and stained for hematoxylin and eosin. The use of mice in this study has complied with all relevant federal guidelines and institutional policies.
DNA-Binding Analysis. Electrophoretic mobility shift assays (EMSA) were performed using in vitro-transcribed and -translated proteins (TNT; Promega, Madison, WI) as described previously (Xie et al., 2000a) . Oligonucleotides used were: rat SULT2A1/IR0, 5Ј-TTTGGGGGTCATGAACTTGGGC-3Ј; mouse SULT2A9/IR0, 5Ј-TT-TGG GGGTAATGAACT TGGGC-3Ј; and SULT/IR0 mut, 5Ј-TTT-GGGGGTACCGAACTTGGGC-3Ј.
Plasmid Constructs and Transfection. The synthetic reporter thymidine kinase (tk)-IR0-Luc, the natural promoter reporter pGL-SULT, and their mutant variants were described before (Sonoda et al., 2002) . The expression vectors for mCAR, hPXR, mPXR, and hRXR␣ were as described previously (Xie et al., 2000a,b) . CV-1 and HepG2 cells were transfected in 48-well plates using N- [1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium methylsulfate (Roche, Indianapolis, IN) and LipofectAMINE (Invitrogen, Carlsbad, CA), respectively. When necessary, cells were treated with androstenol (5 M), TCPOBOP (250 nM), pregnenolone-16␣-carbonitrile (10 M), and St. John's wort (300 g/ml) in media containing 10% charcoalstripped serum. The transfection efficiency was normalized against the ␤-galactosidase activities from the cotransfected CMX-␤-galactosidase vector.
Northern Blot Analysis. Total RNAs were prepared from tissues using the TRIzol Reagent (Invitrogen). Northern hybridization was carried out as described previously (Xie et al., 2000b) . The cDNA probes for SULTs, PAPSS2, CYP3A11, and CYP2B have been described previously (Xie et al., 2000a, b; Sonoda et al., 2002) .
Sulfotransferase Assay. Sulfotransferase assay was carried out using [
35 S]PAPS (PerkinElmer Life and Analytical Sciences, Boston, MA) as described previously (Sonoda et al., 2002) . In brief, 5 to 10 g/ml total liver cytosolic extract was used with 2 M LCA, 5 M dehydroepiandrosterone (DHEA), or 4 M p-nitrophenol as substrate. After the reactions, free [
35 S]PAPS was removed by extracting with ethyl acetate. The aqueous phase was then measured in a liquid scintillation counter for radioactivity. Control reactions that do not contain substrate were also carried out in parallel, and their radioactivity was subtracted from test reactions. Two to four pairs of mice were used for each SULT assay, and each reaction was run in triplicate.
Results
Conditional Expression of the Activated CAR in Transgenic Mice. To examine the effects of CAR activation in xenobiotic regulation, we created a transgenic mouse system that allowed conditional expression of a constitutively activated CAR (VP-CAR) (Xie et al., 2000a) in the liver. Two lineages of transgenic mice were used as diagramed in Fig.  1A . First, we created the TetRE-VP-CAR transgene that encodes VP-CAR under the control of a minimal cytomegalovirus promoter and the TetRE (Fig. 1A) . The TetRE-VPCAR mice were subsequently bred with the Lap-tTA activator line to generate bi-transgenic animals. Driven by the liver-specific Lap (CCAAT/enhancer-binding protein-␤) promoter, the Lap-tTA transgene directed the expression of the tetracycline-responsive transcriptional activator (tTA) constitutively and exclusively in the hepatocytes (Kistner et al., 1996) . We anticipated that tTA bound to TetRE and conse-
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quently induced the expression of VP-CAR only in the absence of Dox. Addition of Dox will result in the displacement of tTA from TetRE and will silence VP-CAR expression (TetOff).
Transgene expression was assessed by Northern blot analysis of liver RNA using the tTA cDNA probe. Because tTA contains the VP16 activation domain that is also present in VP-CAR, this probe recognizes mRNA of both tTA and VP-CAR. Similar levels of tTA expression were detected in the livers of all Lap-tTA transgenic mice whether they harbored this transgene alone or in combination with the TetRE-VP-CAR transgene (Fig. 1B) . Moreover, expression of the LaptTA mRNA was independent of Dox treatment (Fig. 1B , compare lanes 4 and 5). Two tTA-specific transcripts were detected, consistent with our previous observation (Xie et al., 1999) . No VP-CAR expression was detected in the TetRE-VP-CAR single transgenic mice (Fig. 1B, lane 2) . In contrast, a robust expression of the 2.5-kilobase VP-CAR was achieved in the bitransgenic animal in the absence of Dox (Fig. 1B , lane 4). Moreover, the expression of CYP2B10, a known CAR target gene, was also markedly induced in the VP-CARexpressing livers. As expected, the administration of Dox in drinking water in bitransgenics resulted in the silencing of both VP-CAR expression and CYP2B10 induction (Fig. 1B,  lane 5) . Therefore, the expression of VP-CAR in the liver was completely reversible upon Dox treatment. The expression of VP-CAR was restricted to the liver. No VP-CAR transcripts were detected in the intestine, and tTA was not expressed in the intestine (data not shown). The hepatic expression of the endogenous mouse CAR remained unchanged in the presence of VP-CAR (data not shown). Because the presence of single transgene did not cause VP-CAR expression and had no effect on the expression of a number of known CAR targets genes that we examined ( Fig. 1B ; data not shown), both the single transgenic and wild-type mice were used as control animals for the bitransgenic mice in the following animal experiments.
Activation of CAR Confers Resistance to LCA Hepatotoxicity. The secondary bile acid LCA is toxic and known to cause cholestasis and associated hepatotoxicity (Staudinger et al., 2001; Xie et al., 2001 ). To examine whether or not activation of CAR had effects on LCA sensitivity, adult bitransgenic mice or control littermates were dosed with vehicle solvent or LCA for 4 days before liver histological evaluation. As expected, the wild-type liver exhibited areas of necrosis after LCA exposure ( Fig. 2B ), consistent with our previous report (Xie et al., 2001) . In a sharp contrast, the liver of bi-transgenic mice showed virtually no histological changes upon LCA treatment (Fig. 2C) . The absence of induced pathology in the bi-transgenic mice demonstrates that sustained activation of CAR is sufficient to prevent LCA-mediated histological liver damage. This xenoprotection is CAR activation-dependent, because treatment of Dox blocked protection (Fig. 2D ). As expected, Dox treatment alone had no effect on liver histology of the wild-type mice (data not shown), and the Dox-treated wild-type animals remained sensitive to LCA (Fig. 2E) .
Activation of CAR Induces SULTs and PAPSS2 in Transgenic Mice. To delineate the molecular mechanism of LCA resistance, we profiled the expression of hepatic genes encoding bile acid-detoxifying enzymes in the VP-CAR mice. The phase I CYP3A11, a primary PXR target gene, has been shown to be cross-regulated by CAR in cell cultures (Xie et al., 2000a) . Much to our surprise, the expression of CYP3A11 mRNA was slightly suppressed rather than induced in the bitransgenic mice (Fig. 3A) . A CYP3A enzymatic assay using testosterone as a substrate also confirmed the absence of CYP3A induction in VP-CAR mice (data not shown). In contrast, the expression of the phase II SULT 2A9 mRNA was markedly induced in the VP-CAR mice (Fig. 3A) . The induction was seen in both sexes, although the female mice had a higher basal level of this isoform (Klaassen et al., 1998) . The sustained induction of SULT2A9 was VP-CAR dependent, because treatment with Dox for 7 days resulted in complete loss of 2A9 induction in both male and female mice, presumably because of the absence of VP-CAR expression (Fig. 1B) . As expected, Dox treatment has no effect on the expression either SULT2A9 or CYP3A11 in the control mice (Fig. 3A) . Of note was that the expression of CYP3A11 in the VP-CAR mice remained inducible in response to TOPOBOP (Fig. 3B) , suggesting that the lack of CYP3A11 induction in the unchallenged mice was not caused by the unresponsiveness of CYP3A11 in this transgenic line.
We also analyzed the expression of several other SULT isoforms. The expression of SULT1A4 was increased in the bitransgenic mice, whereas the expression of SULT1D1 remained unchanged (Fig. 3C) . Thus, the regulation of SULT by CAR seemed to be isoform-specific. The sulfation reaction requires the donation of a sulfonyl group from the cosubstrate PAPS. Surprisingly, the expression of hepatic PAPSS2, the enzyme that catalyzes the formation of PAPS from inorganic sulfate (Lyle et al., 1994) , was also elevated in the bitransgenic mice (Fig. 3D, lane 2) . The PAPSS2 induc- Mice in lanes 3, 4, 7, and 8 of A and lanes 3 and 4 of D were treated with Dox for 7 days before tissue harvest. GAPDH probing was used as loading control. E, increased SULT activity in VP-CAR mice. Cytosolic liver extracts from bitransgenic male mice or control littermates were subjected to sulfation assay using the substrates of LCA, DHEA, and p-nitrophenol. tion was lost upon 7 days of Dox treatment (Fig. 3D, lane 4) . Our data suggest that CAR may function as a global regulator of sulfation cascade by controlling the production of both SULT enzymes and the cosubstrate PAPS.
The increased expression of SULTs was also reflected at enzymatic levels. SULT2A9 is known to sulfonate bile acids such as LCA, steroid hormones and their precursors, such as DHEA, and carcinogenic xenobiotics, such as p-nitrophenol. Compared with the control mice, the bitransgenic animals exhibited about 2-fold higher hepatic sulfation activity toward LCA (Fig. 3E) . The sulfation of DHEA and p-nitrophenol was also more than doubled (Fig. 3E) . Together, these results suggest that members of the cytosolic SULT family are under the positive control of CAR.
Identification of CAR Binding Sites within the SULT Gene Promoters. To understand the underlying mechanism of SULT regulation by CAR, we went on to analyze the 5Ј flanking region of SULT genes. Sequence analysis of the rodent SULT2A gene promoters revealed an IR-0 (inverted repeats without a spacing nucleotide) type of nuclear receptor response element (Fig. 4A ) (Runge-Morris et al., 1999; Song et al., 2001; Sonoda et al., 2002) . The rat 2A1/IR0 element was shown to bind to and mediate the transactivation by PXR (Sonoda et al., 2002) and FXR (Song et al., 2001 ).
We examined whether this IR0 element can also bind to CAR. EMSAs were used to determine the ability of CAR to bind to SULT/IR0 using in vitro-synthesized receptor proteins and 32 P-labeled oligonucleotide probe. As shown in Fig. 4B , both the wild-type CAR and its activated variant VP-CAR bound the rat SULT2A1/IR0 efficiently (Fig. 4B, lanes 5 and 7) . The binding was dependent on the presence of their obligatory heterodimerization partner RXR; no DNA binding was seen in the absence of RXR (Fig. 4B, lanes 3 and 4) . These results demonstrate that CAR/RXR or VP-CAR/RXR binds SULT/ IR0 in a fashion similar to the binding of PXR/RXR to the same element (Fig. 4B, lane 8) . This represents another example of the sharing of binding sites by xenobiotic nuclear receptors (Xie et al., 2000a) . The integrity of this IR0 element is essential for the binding, because the binding was abrogated when the IR0 was disrupted by mutation (data not shown). The binding of IR0 by CAR was also specific, inasmuch as efficient competition of binding was achieved by excess unlabeled wild-type IR0 (Fig. 4B, lane 6) . Specific binding of both CAR and VP-CAR to the conserved mouse SULT2A9/IR0 was also observed (Fig. 4C) . Whereas the VP-CAR exhibited a binding specificity similar to that of its wild-type counterpart, VP-CAR seemed to have higher affinity toward the IR0 elements (Fig. 4, B and C) .
CAR Activates SULTs in Cultured Cells. Transfectionbased assays were used to determine whether CAR can transactivate SULT by binding to the IR0 elements in cultured cells. First, luciferase reporter genes, containing the wild-type rat and mouse IR0 or their mutant variant upstream of a minimal tk promoter, were constructed and transfected into CV-1 cells together with expression vectors for mouse CAR or PXR receptor in the presence of RXR. A panel of mCAR agonist and inverse agonist compounds was tested. As shown in Fig. 5A , reporter genes derived from both rat and mouse SULT2A genes were activated by CAR in the absence of ligand. The activation was substantially inhibited by the inverse agonist androstenol but modestly potentiated by the agonist TCPOBOP. The agonistic effect of TCPOBOP was better manifested by its ability to reverse the inhibitory effect of androstenol when both ligands were added simultaneously, consistent with previously reports (Honkakoski et al., 1998; Tzameli et al., 2000 et al., Xie et al., 2000b . As expected, PXR also activated the same reporter genes (Sonoda et al., 2002) but with a distinctive ligand profile (Fig.  5B ). For example, androstenol only showed marginal effect, whereas TCPOBOP is completely ineffective on PXR. In contrast, St. John's wort, an herbal antidepressant and PXR activator, induced SULT reporter genes by activating PXR (Fig. 5B) but not CAR (data not shown). Consistent with DNA binding results, the activation by CAR or PXR was abrogated when the IR0 was disrupted (Fig. 5, A and B) . Thus, the IR0 sites are mediators for both the binding and activation of SULT2A by CAR.
The activation of SULT2A by the wild-type or constitutively activated CAR was also seen when a luciferase reporter that contains the natural promoter of rat SULT2A1 gene (nucleotides Ϫ1023 to ϩ38) was used. The reporter, PGL-SULT, was cotransfected with the wild-type or activated mCAR into human hepatoma HepG2 cells or primary rat hepatocytes followed by ligand treatment. HepG2 or hepatocytes were used because this promoter was not responsive in non-hepatocyte-derived cells (data not shown). Con- sistent with the observations in CV-1 cells, activation of the natural SULT promoter by CAR in HepG2 cells was inhibited by androstenol. TCPOBOP not only activated CAR by itself but also reversed the inhibitory effect of androstenol (Fig. 5C,  lane 2) . Interestingly, although VP-CAR exhibited significantly higher constitutive activity, it was also subjected to ligand effects similar to those of its wild-type counterpart (Fig. 5C, lane 3) . The activation by CAR and VP-CAR was abolished when a promoter variant that contains the mutant IR0 was cotransfected (lanes 4 and 5).
Car Is Indispensable for Ligand-Dependent Activation of SULT. The expression of rodent SULT has been shown to be induced by PB and TCPOBOP, two reported CAR agonists (Runge-Morris et al., 1999; Garcia-Allan et al., 2000; Maglich et al., 2002) . Having established that activation of CAR is sufficient to induce SULT2A9, we went on to examine whether xenobiotic receptors, such as CAR and PXR, are necessary for the ligand-dependent activation of SULT. We applied a single dose of PB and TCPOBOP to wild-type, PXR-null (Xie et al., 2000b) , CAR-null (Wei et al., 2000) , and PXR/CAR double-knockout mice. The double-knockout mice were created by cross-breeding, and the absence of both PXR and CAR mRNA was confirmed by Northern blot analysis (Fig. 6A ). Livers were harvested 24 h after treatment, and the expression of SULT was evaluated by Northern blot analysis. As shown in Fig. 6B , the expression of both SULT2A9 and PAPSS2 was induced by either PB or TCPOBOP, as expected. Both the basal and PB-and TCPOBOP-inducible expression of SULT2A9 and PAPSS2 was sustained in the PXR-null mice, suggesting that PXR was dispensable for this induction. In contrast, disruption of the CAR locus led to a loss of SULT2A9 and PAPSS2 induction by TCPOBOP (Fig. 6C ) and PB (data not shown) in both CAR-null and CAR/PXR double-knockout backgrounds. Together, our results demonstrate that CAR, but not PXR, is the bona fide receptor to mediate SULT and PAPSS2 induction by PB and TCPOBOP in vivo.
Discussion
Activation of PXR and VDR have been implicated in bile acid detoxification by inducing CYP3A (Staudinger et al., 2001; Xie et al., 2001; Makishima et al., 2002) , but little is known about whether CAR also plays a role in bile acid detoxification. In this report, we show that the activation of CAR is both necessary and sufficient to confer resistant to the hepatotoxic LCA. Unexpectedly, the protection is CYP3A- 
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independent, but can be explained, at least in part, by the ability of CAR to activate the detoxifying sulfonation system. The identification of SULTs as targets of CAR has implications in bile acid detoxification, drug metabolism, and carcinogenesis. Sulfation is an essential step in the detoxification of bile acids and is necessary to avoid pathologic conditions, such as cholestasis, liver damage, and colon cancer (Fisher et al., 1971; Narisawa et al., 1974; Leuschner et al., 1977) . The protection against LCA toxicity in VP-CAR mice suggests a potential therapeutic strategy for the design of CAR agonists to target cholestasis and to prevent colon cancer. We have previously shown that the PXR-and VDRmediated CYP3A induction was also important for LCA clearance (Xie et al., 2001; Makishima et al., 2002) . However, the resistance to LCA toxicity in the VP-CAR mice was clearly CYP3A-independent, because this enzyme was not induced in the VP-CAR mice (Fig. 3A) . The attribution of SULT2A9 induction to the LCA resistance in VP-CAR mice is also consistent with a recent report that SULT2A9/hydroxysteroid sulfotransferase-mediated LCA sulfation was a major pathway for protection against LCA-induced hepatotoxicity. The FXR-null female mice exhibited enhanced resistance to LCA, which was associated with significantly increased hepatic SULT2A expression and LCA sulfation (Kitada et al., 2003) . The excretion and elimination of bile acids are also facilitated by the UDP-glucuronosyltransferase (Radominska et al., 1990 ) and the canalicular bile acid transporter MRP2 (Kullak-Ublick et al., 2000) ; both are known CAR target genes (Sugatani et al., 2001; Kast et al., 2002; Huang et al., 2003; Xie et al., 2003) , so we can not exclude the possibility that additional elements of the bile acid detoxifying system also contribute to the protection.
Sulfation by SULTs is known to play a critical role in the metabolism of many drugs, including the most commonly used anti-inflammatory agent, acetaminophen (Tylenol), whose overdoses are among the leading causes for clinical acute liver failure. Zhang et al. (2002) recently identified CAR as a key regulator of acetaminophen metabolism and hepatotoxicity. CAR activators induced the expression of several acetaminophen-metabolizing enzymes, including the glutathione S-transferase Pi, a phase II enzyme that inactivates the toxic acetaminophen quinone metabolite . Our results suggest that the induction of SULTs may also contribute to the CAR-mediated xenobiotic response in our body's handling of acetaminophen exposure.
It is known that inherited differences in the enzymatic activity of sulfotransferases are likely to influence cancer risk. For example, several studies have shown that estrogen receptor-positive breast cancer cells have very low estrogen sulfotransferase activity (Falany and Falany, 1996) . In addition to sulfonating the growth-promoting steroid hormones, SULTs have been shown to catalyze the sulfation of a wide array of chemical carcinogens. Indeed, sulfation of the carcinogenic p-nitrophenol is markedly increased in VP-CAR mice (Fig. 3E) . Thus, the creation of these transgenic mice not only demonstrates a role for CAR in SULT regulation but also provides a potential in vivo model to assess the molecular dynamics of carcinogenesis and the contribution of sulfation to this process. Although sulfation typically leads to detoxification, certain xenobiotics can become mutagenic once sulfonated (Glatt, 1997) .
We used the unique VP-CAR transgenic system to identify and characterize the cytosolic SULTs as targets of CAR. Ligand-facilitated target gene identification using wild-type or gene knockout mice has been widely used (Maglich et al., 2002; Ueda et al., 2002) . We consider the use of the VP-fusion receptor transgenes to have unique advantages over drug treatment. This is particularly important because we now know that treatments with receptor pan-agonists, such as bile acids, may affect multiple receptors depending upon the tissue context (Staudinger et al., 2001; Xie et al., 2001; Makishima et al., 2002) . Moreover, several lines of evidence suggest that ligand treatment may have additional transcrip- Fig. 6 . CAR, but not PXR, is essential for the induction of SULT and PAPSS2 in vivo. A, the creation of PXR/CAR double-knockout mice. The absence of both PXR and CAR mRNA was confirmed by Northern blot analysis. An ethidium bromide staining of the agarose gel was shown to indicate an equal loading. B, The PXR ϩ/Ϫ or PXR-null mice were subjected to a single intraperitoneal injection of solvent (lanes 1 and 2), PB (lanes 3 and 4), or TCPOBOP (lanes 5 and 6). Total liver RNAs were subject to Northern blot analysis. The membranes were first probed for SULT2A9 and PAPSS2 and subsequently stripped and reprobed for GAPDH as a loading control. The PXR ϩ/Ϫ mice had the same SULT2A9 basal expression and PB-and TCPOBOP-inducibility as their wild type littermates (data not shown). C, regulation of SULT2A9 and PAPSS2 in PXR-null (lanes 1 and 2), CAR-null (lanes 3 and 4) and CAR/PXR doubleknockout (lanes 5 and 6) mice. C, vehicle control; T, TCPOBOP. tional consequences independent of the presence of endogenous receptor. For example, Ueda et al. identified 168 differentially expressed tags in response to PB treatment. However, nearly half of these tags were similarly affected in the CAR knockout mice (Ueda et al., 2002) . Bypassing the requirement of ligand treatment, the VP fusion of receptors provides a unique strategy not only to study the biological consequences of receptor activation but also to identify target genes (Rosenfeld et al., 2003) . The utility and practicality of this strategy have been proven in our previous creation and characterization of the Alb-VP-hPXR (previously known as VPSXR) transgenic mice, in which the activated hPXR was expressed in the liver (Xie et al., 2000b) . Even though the VP fusion receptor of CAR represents a unique tool to genetically dissect the gene regulation by CAR, we recognize that the level of CAR expression and/or activity in the VP-CAR mice may be substantially higher than the endogenous CAR activity in response to endogenous ligands in normal physiology. However, the limitation of this genetic model does not exclude the potential that pharmacological modulation of CAR activity may be applied to detoxify bile acids.
In addition to CAR, several other orphan receptors have also been implicated in the regulation of SULT gene expression. For example, we have recently reported the DHEA SULT as a direct transcriptional target of PXR in response to bile acids and many other PXR ligands (Sonoda et al., 2002) . FXR, a prototypic bile acid receptor, was also shown to regulate DHEA SULT in cultured cells (Song et al., 2001 ). Thus, three distinct nuclear receptors, CAR, PXR, and FXR, may collaborate to regulate the sulfation cascade to detoxify xenoand endotoxins. Interestingly, all three receptors use the same IR0 response elements found in SULT2A gene promoters. This represents another example of the sharing of binding sites by xenobiotic nuclear receptors, the underlying mechanism of the proposed "fail-safe pathways" in xenobiotic regulation (Xie et al., 2000a) . Intriguingly, although CAR is both necessary and sufficient for SULT induction, loss of CAR and PXR individually or in combination does not suppress the basal expression of SULT (data not shown). It is possible that the sustained basal expression of SULT2A9 in CAR/PXR double-knockout mice is mediated, at least in part, by FXR.
Last but not least, the Tet-Off transgenic system has many attributes to facilitate the study of nuclear receptor functions in vivo. Because of their critical roles in development and normal physiology, embryonic and perinatal lethality is not unusual when genes encoding nuclear receptors or its genetic variants were disrupted via homologous recombination or overexpressed through transgenes. The concept of conditional expression was conceived to overcome the many potential circumstances of embryonic and perinatal lethality that accompany changes in the expression of many important genes (Xie et al., 1999) . Tetracycline/doxycycline regulated systems seem to provide a solution. As to the study of xenobiotic receptors, not only can the application of inducible systems overcome potential lethality but it can also effectively establish the role of specific xenobiotic receptors in drug metabolism, drug-drug interactions, and drug toxicity. For example, the reversibility of VP-CAR expression and the resultant SULT induction and protection against xenotoxicants can be applied to study the effect of SULT activity on xenobiotic clearance in a developmental stage-and chemical exposure-specific manner.
Although CAR itself exhibits certain levels of constitutive activity, the VP-CAR is fundamentally different in that the VP-CAR seems to bypass the biological system by directly transactivating genes in the nucleus, whereas the wild-type CAR normally resides in the cytoplasm. Compared with PXR, although CAR is called a "xenobiotic receptor", it actually does not bind most of the ligands that activate it. Thus, CAR may function as a sensor for the class of xenobiotic compounds that act through a cell surface pathway to trigger CAR translocation from the cytosol to the nucleus. PXR directly binds bile acids but CAR does not. Therefore, we believe that the ability of CAR to control bile acid homeostasis is more than a simple extension of the PXR function. The development of inducible VP-CAR transgenic system provides a unique approach to further dissect the CAR-regulated mammalian xenobiotic response.
